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West Africa is in general limited to rainfed agriculture. It lacks irrigation opportunities and technologies 
that are applied in many economically developed nations. A warming climate along with an increasing 
population and wealth has the potential to further strain the region’s potential to meet future food 
needs. In this study, we investigate West Africa’s hydrological potential to increase agricultural 
productivity through the implementation of large-scale water storage and irrigation. A 23-member 
ensemble of Regional Climate Models is applied to assess changes in hydrologically relevant variables 
under 2 °C and 1.5 °C global warming scenarios according to the UNFCCC 2015 Conference of Parties 
(COP 21) agreement. Changes in crop water demand, irrigation water need, water availability and the 
difference between water availability and irrigation water needs, here referred as basin potential, are 
presented for ten major river basins covering entire West Africa. Under the 2 °C scenario, crop water 
demand and irrigation water needs are projected to substantially increase with the largest changes 
in the Sahel and Gulf of Guinea respectively. At the same time, irrigation potential, which is directly 
controlled by the climate, is projected to decrease even in regions where water availability increases. 
This indicates that West African river basins will likely face severe freshwater shortages thus limiting 
sustainable agriculture. We conclude a general decline in the basin-scale irrigation potential in the 
event of large-scale irrigation development under 2 °C global warming. Reducing the warming to 1.5 °C 
decreases these impacts by as much as 50%, suggesting that the region of West Africa clearly benefits 
from efforts of enhanced mitigation.
In West Africa, rainfed agriculture is the most prominent instrument for securing income and overcoming pov-
erty1. Agricultural water requirements in the region are largely met by rainfall that is associated with the West 
African monsoon occurring in the boreal summer. Irrigated agriculture represents about 4% of the cultivated 
land in Sub-Saharan Africa and remains largely undeveloped due to a lack of sufficient economic resources and 
political will2. Consequentially, changes in monsoon intensity, timing and spatial patterns as well as temperatures 
have the potential to both positively and negatively impact agricultural productivity in West Africa and conse-
quently the wellbeing of its population.
In recent decades, drought, population increase and water withdrawals have increased water stress in the 
major river basins of West Africa3. Previous studies of climate change impacts on crops in the region gener-
ally project yields to decrease even by 2050 due to increased growing season temperatures and changes in the 
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monsoon precipitation variability, thereby amplifying food insecurity in an already vulnerable region4,5. These 
studies, however, are largely based on output from coarse resolution (~100 to 200 km) Couple Atmosphere-Ocean 
Global Climate Models (GCMs) that generally do not adequately resolve the mesoscale processes required to 
accurately simulate precipitation in the region, particularly in subregions with complex orography or coastlines6.
Regional climate models (RCMs) have had success in simulating and projecting climate change in West 
Africa7–14. However, these studies tend to be uncoordinated in the sense that they consider different emissions 
pathways and different future and historical time periods. In addition, they tend to focus on changes of tem-
perature and precipitation, and not to further variables that are additionally relevant to water resources. Lastly, 
hypotheses of future GHG emissions pathways engender an additional level of uncertainty in the projections 
which is also problematic of most of the GCM studies15,16.
The relatively few climate change impacts studies on water resources in West Africa suffer from the same 
issues as the pure RCM studies, in addition to two others17–20. First, there is a lack of observations in many river 
basins, and considerable discrepancies exist in available data used to calibrate respective hydrological models21,22. 
Second, there are significant uncertainties in projected changes by climate and/or hydrological models17,23,24. 
These combined sources of uncertainties and the high vulnerability of the region due to its economic conditions 
make it vital to provide reliable future climate information for water resources, including irrigation potential over 
the major river basins using a unified approach under consistent climate change scenarios.
In this study, we aim to reduce the uncertainties resulting from the aforementioned issues by taking advan-
tage of a 23-member high resolution ensemble of RCM simulations performed as part of the most recent high 
resolution COordinated Regional climate Downscaling EXperiment (CORDEX). Future warming scenarios con-
sidered here are based on the 2015 United Nations Framework Convention on Climate Change (UNFCCC) 21st 
Conference of Parties (COP 21) Paris Agreement, where all nations pledged to hold global temperature increase 
to below 2 °C (relative to pre-industrial levels) and to explore further efforts to limit the increase to 1.5 °C. How 
the hydroclimatology of the West African major river basins will respond under such a change has yet to be 
investigated. This study thus evaluates and intercompares climate change impacts on the hydroclimatology of 
the major West African river basins under 1.5 °C and 2 °C global warming scenarios. To overcome data scarcity 
related to the calibration and verification of hydrological models, output from the 23-member CORDEX RCM 
ensemble is used to characterize key variables relevant for the hydrology and water resources over the major West 
African river basins25. Specifically, changes in water availability and crop water demand and irrigation water need 
are examined and intercompared to assess the irrigation potential at basin level.
Methodology
Regional Climate Models Experiments. While the study domain is West Africa, the analysis is focus-
ing on the 10 major river basins, most of them of transboundary nature: Senegal, Gambia, Niger, Volta, Chad, 
Sassandra, Bandama, Comoe, Mono and Oueme (Fig. 1). The RCM simulations, performed at a 50-km grid 
spacing and taken from CORDEX, consist of dynamically downscaled GCM output from the Coupled Model 
Inter-comparison Project, Phase 5 (CMIP5)26 for 150-year periods based on the Representative Concentration 
Pathways 4.5 (RCP4.5). 10 RCMs are used, forced by various combinations of seven GCMs for a total of 22 
RCM-GCM combinations (Table 1). Over West Africa, the CORDEX simulations, using both single RCMs and 
multi-model RCMs, have been previously evaluated27–31. Key findings relevant to this study include significant 
enhancements of the CMIP5 simulated impact-relevant precipitation and potential evapotranspiration charac-
teristics, both in terms of magnitude and fine-scale spatial distribution29,30,32,33.
Derivation of Global Warming Scenarios. The 1.5 °C and 2 °C global warming scenarios are derived by 
extracting from each RCM simulation the 30-year period when the driving GCM projects an increase of 1.5 °C 
and 2 °C of global warming, respectively, compared to the pre-industrial level. Similarly, the historical reference 
period is taken from each RCM simulation as the 30-year period when the driving GCM simulates increase of 
0.48 °C of global warming compared to the pre-industrial level. The different periods defined for 0.48 °C, 1.5 °C 
and 2 °C for each driving GCM are summarized in Table SI1. After the extraction of these periods from each 
RCM simulation, the multimodel ensemble is performed for 0.48 °C (i.e. reference period), 1.5 °C and 2 °C (future 
Figure 1. The West African domain highlighting the different major river basins.
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periods), respectively. Analyzing the simulations in this manner eliminates uncertainties related to emissions 
pathways, the choice of the baseline (i.e. the reference period) and of the future periods as well as to the prop-
agation of the driving GCMs present-day temperature biases into the future. In addition, the large multimodel 
ensemble reduces uncertainty from intermodel variability and best represents the response of the climate system 
to an imposed forcing34. Therefore, the approach applied here provides a robust assessment of climate change 
allowing for better quantitative decision-relevant information35.
Analysis Approach. The overall goal of this study is to the assess large-scale irrigation potential at a basin 
level in West Africa for the historical period and for the expected future climate when the global warming is 
limited to 2 °C and 1.5 °C. Since irrigation at the large-scale requires the development of water storage reser-
voirs, crop cycles would no longer need to be fully tied to the rainy season. As a result, annual mean changes are 
considered assuming that water can be stored and used during the dry seasons when temperatures may be more 
favorable depending on the location or for a second cropping cycle.
To assess the overall irrigation potential for each major river basin in West Africa, we assess crop water 
demand, irrigation water need, water availability, and basin irrigation potential, as follows:
Crop Water Demand (CWD). CWD is considered as the evapotranspiration rate ETo under well-watered condi-
tions. It can be considered as a proxy for the water required for an optimal growth for a reference crop that com-
pletely covers the soil, is kept short, well-watered and is growing under optimal agronomic conditions36. While 
each individual crop type can have higher or lower water requirements, this is generally accepted as a reference 
value. In practice, this reference value is multiplied by a crop coefficient that increases or decreases the crop water 
requirements based on the specific crop type and growth stage. However, in West Africa, most grown cereal crops 
have a total crop coefficient between ~0.8 and ~1, very close to that of the reference crop Alfalfa during their 
growing season. Therefore CWD for the reference crop can provides a general understanding on how crop water 
demand is projected to change in future climate over West Africa.
Here, CWD is estimated by applying two commonly used ETo formulations: Hamon37 and Hargreaves36. The 
Hamon formulation is based on day length, surface air temperature and saturated vapor pressure, whereas the 
Hargreaves formulation is a function of minimum and maximum temperatures (see SI for more details).
Irrigation Water Need (IWN). IWN is water amount required in addition to effective rainfall mandatory to 
optimally sustain a crop. It is considered as the deficit, if any, between CWD and the effective rainfall for optimal 
crop growth assuming good soil conditions. Effective rainfall is considered as the portion of total rainfall available 
for plant growth. In this study, it is assumed that the actual evapotranspiration rate ET is the water used in the 
crop growth process and hence equivalent to the effective rainfall36. Therefore, IWN is simplified as the difference 
between ET0 and ET. If effective rainfall (ET) exceeds CWD (ETo), IWN is 0 and in the case of no effective rainfall, 
IWN is ET0 (see SI for more details).
Water Availability (WA). Runoff is considered as a proxy of the water available for crop growth and is computed 
as difference between actual precipitation and actual ET. Changes in soil water storage are negligible for the time 
scales considered in this study.
Basin Irrigation Potential (BIP). BIP provides a measure of water availability in excess or deficit of IWN that has 
the potential to be stored and used for irrigation. It is calculated as the difference between WA and IWN. If WA is 
greater than IWN, it is assumed that the basin can potentially meet its irrigation needs through the development 
of its water resources and vice versa. Therefore, a larger BIP in a future climate is indicative of a basin that has the 
potential to store more water (see SI for more details).
Since the development of water storage systems would potentially allow farmers to utilize water resources 
outside of the rainy season, the analysis is performed over the entire year and not just limited to the monsoon 
or growing seasons. This assumes a best-case scenario in the sense that West Africa in the future will improve 
its water resources infrastructure to best utilize its surface water and ground water resources to compensate for 
seasonal and inter-seasonal changes in rainfall. Annual changes are calculated as the difference between the future 
scenarios (1.5 °C or 2 °C global warming) minus the reference period (0.48 °C global warming). While future 
changes are expressed as percent of reference period values, the difference between the changes of the two scenar-
ios are expressed as percent of the 1.5 °C scenario value.
ALADIN CanRCM CRCM RCA CCLM HIRHAM RACMO REMO WRF
CCCma-CanESM2 & & &
CNRM-CM5 & & &
EC-EARTH & & & & &
GFDL-ESM2M &
HadGEM2-ES & & &
MPI-ESM-LR & & & &
NCC-NorESM1-M & & &
Table 1. The list of CMIP5 GCMs (see Taylor et al.26), the CORDEX RCMs (see Jones et al. 2011) used in this 
study. The sign “&” means that the particular RCM was used for downscaling the corresponding CMIP5 GCM.
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Each of the aforementioned variables is first computed for each of the CORDEX RCM ensemble member at 
each grid point in a basin and then multimodel ensemble and averaging is performed. The Student’s t-test is used 
to characterize significant changes at a 90% confidence level.
More details about the methodology are included in the Supplementary Information (SI).
Results
Crop Water Demand and Irrigation Need. CWD is related to the amount of water needed by a crop 
for optimal growth and is defined here as ET0. While in reality, some crops experience CWD higher than ET0 
and others less, this analysis provides a general understanding of how demands are projected to change in a 
warmer climate. Two methods (Hamon and Hargreaves) are used here to assess the projected change for the sake 
of robustness (see Analysis Approach). In the 2 °C global warming scenario, warmer temperatures result in an 
average increase in CWD by up to 10% to 15% with respect to the reference period in all major West African river 
basins (Fig. 2). While the Hargreaves formulation shows uniform changes throughout all basins (8% to 10%), the 
Hamon formulation shows more spatial variability. For example, the semi-arid Senegal, Niger and Chad basins of 
Sahel (north of 10°N) experience changes up to 15% and the more humid Sassandra, Bandama, Comoe, Mono, 
Oueme, southern Volta and Lower Niger basins of the Gulf of Guinea (south of 10°N) experience changes lower 
than 12%. If the future global warming is held to 1.5 °C, the projected changes are reduced by as much as 50% with 
the smallest changes in the Gulf of Guinea basins. It is worth noting that, although CWD increases in both ETo 
formulations, that of Hamon generally simulates higher changes than that of Hargreaves due its higher known 
sensitivity to temperature changes38,39).
Figure 2. Projected changes in Potential Evapotranspiration (PET) using the methods of Hargreaves (Har; left 
panels) and Hamon (Ham; right panels) for 2 °C global warming scenario (upper panels), 1.5 °C global 
warming scenario (middle panels) and the difference between the two scenarios (lower panels). Changes for 
2 °C and 1.5 °C are expressed as a percent of reference period values. Differences between the changes of the 
two scenarios are expressed as percent of the 1.5 °C ones. Only areas where changes are significant at 90% are 
shaded.
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As most crops are rainfed in West Africa, the increased CWD combined with relatively small changes in 
precipitation (see Fig. SI1) would increase the potential for plant stress and reduce yields40. In fact, a recent study 
based on the Inter-Sectoral Impact Model Intercomparison Project (ISIMIP) fast-track global gridded crop models 
shows a reduction over West Africa of some cereals yields under both 1.5 °C and 2 °C global warming scenarios41. 
Similarly, more recent studies42,43 project substantial yield losses in the region irrespective of intensification case 
and for both scenarios of global warming.
As indicated above, CWD in West Africa is generally met through precipitation (i.e. effective precipitation). 
Deficits in CWD could potentially be mitigated through the development of large-scale irrigation. IWN meas-
ures crop water needs under optimal growing conditions solely in terms of additional water requirements and 
provided that other conditions are optimal (e.g. diseases and pest free, favorable soil conditions). Under the 2 °C 
global warming scenario, IWN is projected to increase by more than 15% and 30% of reference period values, 
respectively, for the Hargreaves and Hamon formulations over most basins (Fig. 3). While the Hargreaves for-
mulation displays the greatest changes (up to 20%) in western basins (i.e. Gambia, southern Senegal and Western 
Niger), Hamon formulation also shows extensive changes (up to 30%) in the Gulf of Guinea basins (Sassandra, 
Bandama and Volta). These spatial patterns of the changes differ from those of CWD. Furthermore, the increased 
CWD outweighs the smaller changes in ET0 irrespective of the formulation resulting in an overall increase of 
IWN. Limiting global warming to 1.5 °C reduces the increase to 10–20% over these regions. Although IWN is 
largely projected to increase over the region, it is not obvious whether future water availability will compensate 
for or exasperate these increases.
Figure 3. Projected changes in Irrigation Water Need (IWN) using PET from the methods of Hargreaves 
(Har; left panels) and Hamon (Ham; right panels) for 2 °C global warming scenario (upper panels), 1.5 °C global 
warming scenario(middle panels) and the difference between the two scenarios (lower panels). Changes for 
2 °C and 1.5 °C are expressed as a percent of reference period values. Differences between the changes of the 
two scenarios are expressed as percent of the 1.5 °C ones. Only areas where changes are significant at 90% are 
shaded.
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Projected Water Availability and Basin Irrigation Potential. The projected WA changes under 2 °C 
of global warming are regionally heterogeneous with both significant increases and decreases depending on the 
region (Fig. 4). On one hand, in Senegal, Gambia, central Niger, northern Volta and northern and southern Chad, 
decreased precipitation (see Fig. SI1) and ET (see Fig. SI2) combine to reduce WA up to 30% compared to the 
reference period. On the other hand, in the smaller basins of the Gulf of Guinea, such as Sassandra, Bandama, 
Comoe, as well as northern Niger and central Chad, the increased precipitation overcompensates the increased 
ET, resulting in WA increases by up to 30%. These patterns of changes are similar to those from previous stud-
ies41,44 who found total runoff increases in some portions of the Sahel (i.e. Niger) and decreases in western regions 
of West Africa coinciding with the Senegal and Gambia basins. This result is also consistent with Gosling et al.45 
who project positive changes in the upper Niger basin. Limiting global warming to 1.5 °C, decreases the negative 
changes and their spatial extent and strengthens and increases the spatial extent of positive changes in the Chad 
and Niger basins by as much as 60%. In addition, in Senegal and Gambia, the magnitude of negative changes is 
limited to 15% and in Sassandra, Bandama and the adjacent section of the Niger basin, the increases are limited 
to 10%.
To examine whether the water availability is in excess or deficit compared to the IWN over each basin, BIP 
is considered, which provides an indication of whether or not a basin can store more water to meet demands. 
Despite the increases in WA in some areas, decreases in BIP is projected for all basins and both models of ET0 
under the 2 °C global warming scenario (Fig. 5). In the Sahelian basins, such as Senegal, Gambia, Niger, Chad 
and to some extent Volta, the decreases are limited to around 10% to 30%. However, in the smaller basins located 
in the Gulf of Guinea (i.e. Sassandra, Bandama, Comoe, Mono and Oueme), the decrease is considerably larger 
Figure 4. Projected changes in Total Runoff for 2 °C global warming scenario (upper panels), 1.5 °C global 
warming scenario (middle panels) and the difference between the two scenarios (lower panels). Changes for 
2 °C and 1.5 °C are expressed as a percent of reference period values. Differences between the changes of the 
two scenarios are expressed as percent of the 1.5 °C ones. Only areas where changes are significant at 90% are 
shaded.
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ranging between 35% to 65% with the highest decreases in Bandama and Oueme. This is largely a consequence 
of greater changes in IWN outweighing the increases in WA in many areas of these basins. Similar results are 
found for the 1.5 °C scenarios but with lower values (within 15% for the Sahel basins and between 25% to 60% 
in the Gulf of Guinea basins). The magnitude of the changes with the Hamon formulation is greater than that 
of Hargreaves due to the larger IWN changes (i.e. Fig. 3). An uncertainty analysis of the ensemble members 
reveals that in most of the basins, the inter-quantile ranges, median and most of the distribution of the pro-
jected BIP changes are negative. This indicates that although the individual ensemble members differ compared 
to the ensemble average, most of the experiments project decreases in BIP suggesting that the results are robust. 
Furthermore, the intermodel spread is larger in the basins along the Gulf of Guinea compared to that in the Sahel 
hinting more consistent changes in basins such Senegal, Gambia, Niger, Chad and to some extent Volta.
Overall, the results indicate that compared to the reference period, the 10 major West African river basins will 
likely face considerable challenges to meet future water demands under global warming with the Gulf of Guinea 
basins experiencing the largest deficit. While irrigation is an important adaptation measure to climate change, 
these changes also imply that, future demands will likely require substantially increased water withdrawals.
Discussion
In this study we assessed the hydroclimatology of the 10 major West African river basins under 1.5 °C and 2 °C 
global warming scenarios using a comprehensive ensemble of CORDEX regional climate model experiments. 
The results indicate that, under a relatively moderate rise of global temperature of 2 °C, the combined increases 
in CWD and smaller mixed changes in ET cause IWN to increase considerably regardless of the ET0 formulation. 
Such increases outweigh the projected WA changes even in regions where WA increases. For example, in western 
Gulf of Guinea, Niger and Central, where WA increases, changes in IWN are greater. This implies that the pro-
jected WA will not be sufficient to compensate for the projected IWN. Therefore, as climate warms, the potential 
to sustain irrigated agriculture or other activities that require large amounts of water such as hydropower is 
projected to decrease. A relatively small decrease in global warming from 2 °C to 1.5 °C significantly reduces the 
gap between IWN and WA greatly reducing the negative consequences of climate change on water resources. It 
should be emphasized that although some uncertainties are present in these projections, they are mostly in the 
magnitude of the changes as most of the models project negative changes.
It is worth mentioning that increased CO2 concentration in future climate could increase water use efficiency 
of plants. However, this is not taken into account in this study.
As population and urbanization intensify and economies grow, increasing municipal and industrial water 
needs are likely to amplify the overall water demands in West Africa. This study thus suggests that effective miti-
gation should be pursued to cap the global warming at 1.5 °C hoped for by COP21. Notwithstanding, West Africa 
will likely continue to face water limitations under climate change.
Figure 5. Box-Whisker-Plots of projected changes in Basin Irrigation Potential (BIP) for the 2 °C global 
warming scenario (upper panels) and the 1.5 °C global warming scenario (lower panels). Changes for 2 °C 
and 1.5 °C are expressed as a percent of reference period values. Differences between the changes of the two 
scenarios are expressed as percent of the 1.5 °C ones.
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Adaptation measures should be well thought out and should consider concerted and intensified efforts (1) for 
the construction of surface and groundwater reservoirs to store water efficiently for irrigation, (2) for the imple-
mentation of efficient irrigation practices, and (3) for considering seasonal shifts in crop strategies to relatively 
cooler periods in the year.
References
 1. Vetter, T. et al. Multimodel climate impact assessment and intercomparison for three large-scale river basins on three continents. 
Earth Syst. Dynam 6, 17–43 (2015).
 2. You, L. et al. What Is the Irrigation Potential for Africa? IFPRI discussion paper (2010).
 3. Oyerinde, G. T. et al. Hydro-climatic changes in the Niger basin and consistency of local perceptions. Reg. Environ. Chang. 15, 
1627–1637 (2015).
 4. Zougmoré, R. et al. Toward climate-smart agriculture in West Africa: a review of climate change impacts, adaptation strategies and 
policy developments for the livestock, fishery and crop production sectors. Agric. Food. Secur. 5, 26 (2016).
 5. Sultan, B. & Gaetani, M. Agriculture in West Africa in the twenty-first century: climate change and impacts scenarios, and potential 
for adaptation. Front. Plant Sci. 7, 1262 (2016).
 6. Sylla, M. B., Gaye, A. T. & Jenkins, G. S. On the fine-scale topography regulating changes in atmospheric hydrological cycle and 
extreme rainfall over West Africa in a regional climate model projections. Int. J. Geophys. 2012 (2012).
 7.  Sylla, M. B., Gaye, A. T., Jenkins, G. S., Pal, J. S. & Giorgi, F. Consistency of projected drought over the Sahel with changes in the 
monsoon circulation and extremes in a regional climate model projections. J. Geophys. Res. Atmos. 115 (D16) (2010).
 8. Diallo, I., Sylla, M. B., Giorgi, F., Gaye, A. T. & Camara, M. Multimodel GCM-RCM ensemble-based projections of temperature and 
precipitation over West Africa for the early 21st century. Int. J. Geophys. 2012 (2012).
 9. Mounkaila, M. S., Abiodun, B. J. & Omotosho, J. B. Assessing the capability of CORDEX models in simulating onset of rainfall in 
West Africa. Theor. Appl. Climatol. 119, 255–272 (2015).
 10. Sylla, M. B. et al. Projected changes in the annual cycle of high-intensity precipitation events over West Africa for the late twenty-first 
century. J. Clim. 28, 6475–6488 (2015).
 11. Diallo, I. et al. Projected changes of summer monsoon extremes and hydroclimatic regimes over West Africa for the twenty-first 
century. Clim. Dyn 47, 3931–3954 (2016).
 12. Dosio, A. & Panitz, H. J. Climate change projections for CORDEX-Africa with COSMO-CLM regional climate model and 
differences with the driving global climate models. Clim. Dyn 46, 1599–1625 (2016).
 13. Diasso, U. & Abiodun, B. J. Drought modes in West Africa and how well CORDEX RCMs simulate them. Theor. Appl. Climatol. 128, 
223–240 (2017).
 14. Odoulami, R. C., Abiodun, B. J., Ajayi, A. E., Diasso, U. J. & Saley, M. M. Potential impacts of forestation on heatwaves over West 
Africa in the future. Ecol. Eng. 102, 546–556 (2017).
 15. Giorgi, F. et al. The Regional Climate Change Hyper-Matrix Framework. EOS, Transactions 89, 445–456 (2008).
 16. Northrop, P. J. & Chandler, R. E. Quantifying Sources of Uncertainty in Projections of Future Climate. J. Climate 27, 8793–8808 
(2014).
 17. Jung, G., Wagner, S. & Kunstmann, H. Joint climate–hydrology modeling: an impact study for the data-sparse environment of the 
Volta Basin in West Africa. Hydrol. Res 43(3), 231–248 (2012).
 18. Roudier, P., Ducharne, A. & Feyen, L. Climate change impacts on runoff in West Africa: a review. Hydrol. Earth Syst. Sci. 18, 
2789–2801 (2014).
 19. van Vliet, M. T. H. et al. Global river discharge and water temperature under climate change. Global Environ. Change 23, 450–464 
(2013).
 20. Aich, V. et al. Comparing impacts of climate change on streamflow in four large African river basins. Hydrol. Earth Syst. Sci. 18, 
1305–1321 (2014).
 21. d’Orgeval, T., Polcher, J. & de Rosnay, P. Sensitivity of the West African hydrological cycle in ORCHIDEE to infiltration processes. 
Hydrol. Earth Syst. Sci. 12, 1387–1401 (2008).
 22. Ibrahim, B., Wisser, D., Fowe, T. & Aduna, A. Hydrological predictions for small ungauged watersheds in the Sudanian zone of the 
Volta basin in West Africa. J. Hydrol.: Reg. Stud. 4, 386–397 (2015).
 23. Karambiri, H. et al. Assessing the impact of climate variability and climate change on runoff in West Africa: the case of Senegal and 
Nakambe River basins. Atmos. Sci. Lett. 12, 109–115 (2011).
 24. Sylla, M. B., Nikiema, P. M., Gibba, P., Kebe, I. & Klutse, N. A. B. Climate change over West Africa: Recent trends and future 
projections. In Joseph A. Yaro and Jan Hesselberg (Eds): Adaptation to Climate Change and Variability in Rural West Africa. Springer, 
ISBN: 978-3-319-31497-6 (2016).
 25. Gampe, D., Nikulin, G. & Ludwig, R. Using an ensemble of regional climate models to assess climate change impacts on water 
scarcity in European river basins. Sci. Tot. Environ 573, 1503–1518 (2016).
 26. Taylor, K. E., Stouffer, R. J. & Meehl, G. A. An Overview of CMIP5 and the Experiment Design. Bull. Amer. Meteorol Soc. 93, 
485–498 (2012).
 27. Gbobaniyi, E. et al. Climatology, annual cycle and interannual variability of precipitation and temperature in CORDEX simulations 
over West Africa. Int. J. Climatol. 34, 2241–2257 (2014).
 28. Klutse, N. A. B. et al. Daily Characteristics of West African Monsoon Rainfall in CORDEX Regional Climate Models. Theor. Appl. 
Climatol. 123, 369–386 (2016).
 29. Sylla, M. B., Elguindi, N., Giorgi, F. & Wisser, D. Projected Robust Shift of Climate Zones over West Africa in Response to 
Anthropogenic Climate Change for the Late 21st Century. Clim. Change 134, 241–253 (2016).
 30. Nikiema, P. M. et al. Multi-model CMIP5 and CORDEX simulations of historical summer temperature and precipitation variabilities 
over West Africa. Int. J. Climatol. 37, 2438–2450 (2017).
 31. Akinsanola, A. A., Ogunjobi, K. O., Gbode, I. E. & Ajayi, V. O. Assessing the capabilities of three regional climate models over 
CORDEX Africa in simulating West African summer monsoon precipitation. Adv. Meteorol. 2015 (2015).
 32. Dosio, A., Panitz, H. J., Schubert-Frisius, M. & Lüthi, D. Dynamical downscaling of CMIP5 global circulation models over 
CORDEX-Africa with COSMO-CLM: evaluation over the present climate and analysis of the added value. Clim. Dyn 44, 2637–2661 
(2015).
 33. Akinsanola, A. A. et al. Evaluation of rainfall simulations over West Africa in dynamically downscaled CMIP5 global circulation 
models. Theor. Appl. Climatol. 132, 437–450 (2017).
 34. Huang, J., Yu, H., Guan, X., Wang, G. & Guo, R. Accelerated dryland expansion under climate change. Nat. Clim. Change 6, 166–171 
(2016).
 35. Chadwick, R., Good, P., Martin, G. & Rowell, D. P. Large rainfall changes consistently projected over substantial areas of tropical 
land. Nat. Clim. Change 6, 177–181 (2016).
 36. FAO. Crop evapotranspiration – Guidelines for computing crop water requirements - FAO Irrigation and drainage paper 56 (1998).
 37. Hamon, W. R. Computation of direct runoff amounts from storm rainfall. International Association of Scientific Hydrology 
Publication 63, 52–62 (1963).
www.nature.com/scientificreports/
9SCIENTIFIC RePoRtS |  (2018) 8:14395  | DOI:10.1038/s41598-018-32736-0
 38. McAfee, S. A. Methodological differences in projected potential evapotranspiration. Clim. Chang 120, 915–930 (2013).
 39.  Askari, M. et al. A combined sensitivity analysis of seven potential evapotranspiration models. Jurnal Teknologi, 76 (2015).
 40. Tardieu, F. Plant response to environmental conditions: assessing potential production, water demand, and negative effects of water 
deficit. Front Physiol 4, 17 (2013).
 41. Schleussner, C. F. et al. Differential climate impacts for policy-relevant limits to global warming: the case of 1.5 °C and 2 °C. Earth 
Syst. Dynam 7, 327–351 (2016).
 42. Faye, B. et al. Impacts of 1.5 versus 2.0 °C on cereal yields in the West African Sudan Savanna. Environ. Res. Lett. 13(3), 034014 
(2018).
 43. Rosenzweig, C. et al. Coordinating AgMIP data and models across global and regional scales for 1.5 °C and 2.0 °C assessments. Phil. 
Trans. R. Soc. A 376(2119), p.20160455 (2018).
 44. Schewe, J. et al. Multimodel assessment of water scarcity under climate change. P. Natl. Acad. Sci. USA 111, 3245–3250 (2014).
 45. Gosling, S. N. et al. A comparison of changes in river runoff from multiple global and catchment-scale hydrological models under 
global warming scenarios of 1C, 2C and 3C. Clim. Chang 141, 577–595 (2017).
Acknowledgements
This work is fully supported by the German Federal Ministry of Education and Research through the West 
African Science Service Center on Climate Change and Adapted Landuse (WASCAL). The authors would also like 
to acknowledge the CMIP5 and CORDEX modeling centers. All data used in this study are available at the Earth 
System Grid Federation.
Author Contributions
Mouhamadou Bamba Sylla and Jeremy S. Pal designed the paper. Mouhamadou Bamba Sylla, Aissatou Faye and 
Dimobe Kangbeni contributed to the data processing and figures plotting. Mouhamadou B. Sylla, Jeremy S. Pal, 
Harald Kunstmann, Aissatou Faye, Kangbeni Dimobe contributed to the analysis, discussion, interpretation and 
writing of the manuscript.
Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-32736-0.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018
